Abrikosov vortices in superconductors are ideal information carriers: they are topologically stable and keep a uniform nano-scale size given by quantum conditions. Low vortex friction in high-T c materials makes possible fast motion of quantized vortices with extremely low dissipation of energy. Mastering fast manipulations of vortices will require the knowledge of their mass. Here, we present relevant experiments leading to reliable determination of the vortex mass in the optimally doped YBa 2 Cu 3 O 7−δ , using the observed circular dichroism of far-infrared light.
values. In Fig. 3a we compare various theories with present results. We also note in passing that various theories for the mass of quantized vortices in closely related superfluids offer similarly conflicting results. 3, 10 Estimates of vortex mass span full range from the infinite mass 11, 12 to the negligible one 13 .
Contrary to the plethora of theoretical predictions of the effective vortex mass in type-II superconductors, we are aware of only two relevant experiments, both supporting rather large vortex masses. First, Fil et al. 14 measured acousto-electric effect in YB 6 and deduced a vortex mass of 10 12 m e /cm -an order of magnitude less than Han's mass but about five orders larger than that estimated by Kopnin 15 or Suhl 4 . Second, Golubchik et al. 16 observed the movement of individual vortices in a superconducting niobium film near its critical temperature by combining high-resolution magneto-optical imaging with ultrafast heating and cooling technique. The vortex mass is indispensable to explain their data; the best fit yields 1.4 × 10 8 m e /cm. This value is not so high, still, for the experimental temperature of 0.97 T c , Suhl's mass is three orders of magnitude smaller. On the other hand, the prediction of Han et al. 6 is sixty times higher.
The extremely large spread in theoretically predicted values and very few experimental data available motivated us to attempt to independently determine the Abrikosov vortex mass in the most common high-T c superconductor, YBaCuO. We have designed and developed a unique far-infrared (FIR) transmission experiment, as displayed in Fig. 1 , which is capable of probing circular dichroism induced by cyclotron motion of vortices. The inertial mass is estimated from the differential absorption of clockwise and counterclockwise circularly polarized light near the resonant frequency. The breakthrough, that eventually allowed us to perform this experiment, was a home-made retarder 17 placed in the optical path in front of the sample. For the entering light of equal vertical and horizontal polarizations, it retards the horizontal component relative to the vertical one by a phase delay of ±π/2, resulting in the linear-to-circular conversion of polarization. As the phase delay depends on the frequency of light, these measurements cannot be done using a conventional time-domain terahertz (THz) spectroscopy.
We have measured transmission at several laser lines 18 in the terahertz frequency range (see Supplement A). Our current setup enables fast flips between clockwise (+π/2) and anti-clockwise (−π/2) circular polarizations, The Magnus force accelerates vortices in the direction perpendicular to the supercurrent and vice versa -the vortex motion affects the supercurrent and thus the transmissivity. In the sketch the electric field in the sample as well as the vortices rotate clockwise. If the light frequency is close to the cyclotron frequency of vortices, the motion of vortices is resonantly enhanced, leading to the observed dichroism.
consequently, we probe transmittance of both polarizations under identical conditions. The transmittance, i.e., the fraction of laser energy transmitted through the sample, is evaluated as the bolometer-to-pyrodetector signal ratio, effectively eliminating any possible time instability in the laser power.
We have chosen the most common high-T c material, YBa 2 Cu 3 O 7−δ , in the form of a thin film of thickness L = 107 nm. The CuO 2 planes are parallel to the surface. The sample was prepared in National Chiao Tung University (Taiwan) using a pulsed laser deposition method from a stochiometric target on a lanthanum aluminate substrate oriented in the (100) plane. The substrate dimensions are 10 × 10 × 0.5 mm 3 . The critical temperature of the film, T c = 87.6 K, was determined from dedicated dc resistivity measurement.
When a magnetic field is applied normally to a superconducting film, quantized vortices penetrate the specimen through the edges towards its center, forming complex structures with a nonuniform areal pattern. To avoid complicated analysis of the response of inhomogeneously distributed vortices, we always apply magnetic field at temperature well above T c . As the temperature is lowered, vortices freeze into a regular Abrikosov lattice. The temperature is then swept down and back by a steady sweep rate of 2.5 K/min, the instantaneous temperature of the sample being recorded together with the transmittance. Care is taken that the down and up sweeps do not show any hysteresis. Fig. 2a displays the temperature dependence of dichroism observed in the external magnetic field of 10 T using the 311.6 µm laser line. As expected, transmission measured at zero field does not display dichroism, as there is no asymmetry caused by the Abrikosov vortices. In nonzero fields, however, as shown in Fig. 2b , the lowtemperature circular dichroism is clearly observed, with the onset at 85 K, and can be attributed to the formation of vortices threading the sample. As it is clearly apparent, the effect is enhanced in higher applied magnetic fields, thanks to the growing areal density of Abrikosov vortices.
The value of the vortex mass naturally emerges from the observed dichroism. One can interpret the basic features of our measurements in the frame of the free film approximation 19 T ≈ 4 0 |ρ| 2 /µ 0 L 2 , where 0 and µ 0 respectively denote the permittivity and permeability of vacuum, and sample properties enter via film thickness L and resistivity ρ. Detailed analysis based on Yeh theory 20-23 that accounts for interferences in the birefringent substrate (see Supplement B) brings only a few percent correction to the free film approximation of the transmittance ratio
The right-hand side represents experimental values (such as shown in Fig. 2b) . The left-hand side is a theoretical model
which depends on film properties, vortex mass M , vortex friction η, and angular frequency ω of the laser. Φ 0 = h/(2e) denotes the magnetic flux quantum, where h is the Planck constant and e is the elementary charge. Film properties in zero magnetic field were established in a separate experiment, by standard time-domain THz spectroscopy (0.3 -2.5 THz). Observed resistivity follows London's resistivity ρ 0 = −iωm/(ne 2 ), with a power-law temperature dependence of the superconducting charge carrier density n = n 0 (1 − T 4 /T 4 c ). We compare the ratio of hole mass to charge density, given by ρ 0 , with the theoretical dependence of mass on the density 24 , obtaining the hole mass m = 4.4 m e and the density of holes n 0 = 2.2 × 10 27 m −3 . The critical temperature at this density 25 agrees with T c = 87.6 K of our sample. From the resistivity at a magnetic field of 7 T, we identified the vortex friction η = 1.7×10 −7 (1−T 4 /T 4 c ) Ns/m 2 , a value very similar to that observed by Parks et al. 26 on similar samples. Solving equation (1) with and without η, we found that η is sufficiently small to justify an eventual limit η → 0. The vortex mass M is thus the only relevant free parameter of the left side of equation (1) and directly follows from the measured transmittance ratio. Fig. 3 shows the vortex masses as a function of temperature obtained by averaging data sets from sixty four runs, in magnetic fields B = ±2, ±4, ±6, ±8, ±10 T and measured using five laser lines of angular frequencies 3.3, 4.1, 4.5, 4.7, 6.1 × 10 12 rad/s, in the close vicinity of the vortex cyclotron frequency 27 ω vc = Φ 0 en/M . Additionally, we measured at several other frequencies revealing only weak dichroism, since they were farther away from the vortex cyclotron frequency.
The resulting vortex mass, within an interval of 1-3 ×10 9 m e /cm, is about one order of magnitude larger than the vortex mass in niobium observed by Golubchik et al. 16 . Even higher difference could be expected since they observed vortices very close to the critical temperature while the presented value corresponds to relatively low temperatures. Moreover, majority of theoretical studies predict much larger masses in high-T c superconductors than in conventional ones. On the other hand, our result is three orders of magnitude smaller than the one reported by Fil et al. 14 From theories we mention merely the one of Kopnin 15 which yields the vortex mass 2 × 10 8 m e /cm at low temperatures. Modifications by Simula 3 or by Volovik 28 shift predicted masses closer to observed values. In Fig. 3 we compare Kopnin-Volovik mass
to our experimental data. With the coherence length ξ 2 = Φ 0 /(2πB c2 ), where B c2 stands for the upper critical field, this theory has no free parameters. For YBaCuO we take B c2 = 122 T in the zero temperature limit 29 and a temperature dependence (1 − T 2 /T 2 c )/(1 + T 2 /T 2 c ) below the superconducting transition 30 . We generally observe a decrease of the vortex mass with the magnetic field only at the lowest temperature, the region for which formula (3) is justified. Nevertheless, in contrast to the wide range of predicted theoretical values and so far observed vortex masses, we find surprisingly good agreement between our data and Kopnin-Volovik theory even out of the region of its nominal validity.
We have developed an experimental method to measure the circular dichroism of superconducting films threaded by Abrikosov vortices. Resonance of the farinfrared (THz) light with cyclotron motion of vortices is used to determine the vortex mass. This method is restricted to materials with a vortex cyclotron frequency below the superconducting energy gap. High-T c materials with a large energy gap and low charge density meet this condition, as demonstrated here for the most common one, YBaCuO. The mass obtained provides valuable information for a better understanding of the fluxon dy-namics in YBaCuO as well as for the future development of superconducting electronic components based on rapid vortex manipulations.
Ohm's law 1,2
and evaluate the vortex velocity V from the balance of forces 3
where ω is the angular frequency of the FIR laser and Φ 0 = 2.06783 × 10 −15 Wb denotes the magnetic flux quantum. For clockwise/anticlockwise circular polarizations, all in-plane vectors are of the form A = A e −iωt (x± iŷ), where A stands for a complex magnitude of the electric field E, the electric current J , or the vortex velocity V , whilex,ŷ,ẑ are the unit vectors. The magnetic field is oriented in the z-axis direction B =ẑB. The Magnus force in the right side of (5) parallels the Lorentz force being proportional to the vector product with the velocity. For positive/negative magnetic field B all vortices thus circulate in the clockwise/anticlockwise direction with the vortex cyclotron frequency independent of the circle diameter. Using the identity [ẑ × (x ± iŷ)] =ŷ ∓ ix one finds E = ρ ± J with the resistivity, equation (2). The second term of equation (2) is the Hall coefficient multiplied by B. In the absence of friction and inertial force (η = 0, M = 0), it reduces to the Hall coefficient of a free electron gas. For the clockwise orientation and resonant condition ωM ∼ Φ 0 en, the Hall coefficient of equation (2) is enhanced while the anticlockwise Hall coefficient is slightly reduced.
It should be noted that the imaginary part of longitudinal resistivity also results from the vortex pinning. However, angular frequencies ∼ 10 12 rad/s of used laser lines are above the so called depinning frequency of YBaCuO 4,5 . The normal current also leads to retardation, but its contribution vanishes at low temperatures, where the dichroism is the strongest. The resistivity, equation (2), is thus the relevant approximation for the fit.
